As global financial markets become highly dependent on each other, risk contagion among stock markets is a primary feature of progressing globalization, which poses uncertainties for government agencies. The deficiency of previous studies is that it is difficult to accurately grasp the direction of risk diffusion in different time periods, and to depict the intensity of risk contagion constantly. Research on causality and measurement of financial risk contagion based on nonlinear causality tests and dynamic Copula methods will help governments to allocate financial resources reasonably and effectively, thus promoting the sustainable development of the social economy and financial markets. Taking the Chinese stock market as an example, this paper evaluated the risk contagion effect between the Chinese stock market and six other stock markets including developed and emerging markets from January 2006 to December 2018. From the aspect of causality, the nonlinear Granger causality test was applied to the entire time period and the phased time periods involving specific events like the subprime mortgage crisis and the Chinese stock market crash. From the aspect of measurement, the dynamic Markov state transition Copula model was used to describe the asymmetrically dependent structure of markets, from which was derived the time-varying lower tail dependence coefficients. The results have been summarized as follows. Firstly, after the outbreak of the subprime mortgage crisis, the stock markets in developed and emerging markets unilaterally affected the Chinese stock market, indicating that China was the recipient at this stage. Then, after the outbreak of the Chinese stock market crash, the Chinese stock market had a risk contagion effect on both Japanese and Russian stock markets, indicating that China became a source of financial risk contagion within a limited area at this stage. Lastly, in terms of the degree of risk contagion, the lower tail dependence coefficients of the Chinese stock market and other markets were significantly increased after the occurrence of specific risk events, while the risk contagion degree of developed markets was higher than that of emerging markets. Policymakers can recognize and apply the characteristics of risk contagion at different stages to refrain from unreasonable institutional arrangements, thus improving the sustainability of economic development.
Introduction
With global economic ties becoming increasingly closer, financial capital can flow rapidly among countries, which makes the segmentation of modern international stock markets less pronounced, resulting in markets that are highly dependent on each other. Economic globalization has created convenience for portfolio management in financial markets, but financial risks may spread from one market disaster in China in 2015, which is a supplement to the previous research and a contribution of this paper.
The empirical results of this study show that after the outbreak of the US subprime mortgage crisis in 2008, China accepted financial risks from developed and emerging markets. However, after the collapse of China's stock market in 2015, China became a source of financial risk contagion in a limited region, including Japan and Russia. Finally, after the occurrence of specific risk events, the risk contagion between stock markets is relatively high, and the relationship with China's market is generally closer in developed markets than in emerging markets. Therefore, according to the characteristics of risk contagion, governments can make preparations for risk prevention in advance, so as to improve the sustainability and stability of social and economic development.
The logical structure of this paper is shown in Figure 1 . The remainder of this paper is organized as follows. Section 2 reviews previous literature on financial risk contagion, Section 3 introduces the data and illustrates the methodology, Section 4 presents the results and discussion, while Section 5 provides a conclusion. The empirical results of this study show that after the outbreak of the US subprime mortgage crisis in 2008, China accepted financial risks from developed and emerging markets. However, after the collapse of China's stock market in 2015, China became a source of financial risk contagion in a limited region, including Japan and Russia. Finally, after the occurrence of specific risk events, the risk contagion between stock markets is relatively high, and the relationship with China's market is generally closer in developed markets than in emerging markets. Therefore, according to the characteristics of risk contagion, governments can make preparations for risk prevention in advance, so as to improve the sustainability and stability of social and economic development.
The logical structure of this paper is shown in Figure 1 . The remainder of this paper is organized as follows. Section 2 reviews previous literature on financial risk contagion, Section 3 introduces the data and illustrates the methodology, Section 4 presents the results and discussion, while Section 5 provides a conclusion. 
Literature Review
The international contagion effect of financial risk is a very complex theoretical field considered by academia. Many scholars have carried out comprehensive, multi-angle and deep-seated research in this field. At present, the existence, causality and measurement of international financial risk contagion have been empirically tested and analyzed.
As for the existence of financial risk contagion, the early research on the existence of risk contagion was Longin and Solnik's research [11] on global financial markets during the 30 years from 1960 to 1990. It was found that the correlation of financial markets of several major developed countries in the world tended to increase, and the correlation between stock markets was higher during the period of high volatility, which confirmed the existence of risk contagion. After the financial crisis at the end of the 20th century, scholars in the field of economics paid more attention to the contagion of financial crisis, which led to more systematic research. To demonstrate its existence, scholars have introduced a large number of statistical methods to verify it on the basis of economic theory. K. Yilmaz [12] found the financial spillover effect in Asian financial markets, and the spillover effect in the "dangerous period" of financial crisis was significantly higher than that in the "non-dangerous period". At present, most scholars verify the existence of financial risk contagion effect by analyzing the dependence of financial asset returns in different markets. If the dependence of financial asset returns in a "dangerous period" is significantly stronger than that in a "nondangerous period," they think that financial risk contagion is more significant. If this dependence is not observed, then risk contagion is not considered significant. 
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As for the existence of financial risk contagion, the early research on the existence of risk contagion was Longin and Solnik's research [11] on global financial markets during the 30 years from 1960 to 1990. It was found that the correlation of financial markets of several major developed countries in the world tended to increase, and the correlation between stock markets was higher during the period of high volatility, which confirmed the existence of risk contagion. After the financial crisis at the end of the 20th century, scholars in the field of economics paid more attention to the contagion of financial crisis, which led to more systematic research. To demonstrate its existence, scholars have introduced a large number of statistical methods to verify it on the basis of economic theory. K. Yilmaz [12] found the financial spillover effect in Asian financial markets, and the spillover effect in the "dangerous period" of financial crisis was significantly higher than that in the "non-dangerous period". At present, most scholars verify the existence of financial risk contagion effect by analyzing the dependence of financial asset returns in different markets. If the dependence of financial asset returns in a "dangerous period" is significantly stronger than that in a "non-dangerous period," they think that financial risk contagion is more significant. If this dependence is not observed, then risk contagion is not considered significant.
As for the causality of financial risk contagion, the most famous and common method to test the causality between two variables is the Granger causality test proposed by Granger [13] , which can be used to detect the linear causality between variables. Sander and Kleimeier [14] used the Granger causality test to study the contagiousness of the Asian financial crisis, and found the change of causality at the regional and global levels. Okunev et al. [15] studied the relationship between the US real estate and S&P 500 stock markets through the linear Granger causality test, and found a uni-directional relationship to exist from the real estate market to the stock market. However, financial time series have characteristics of non-linearity which the traditional linear Granger method cannot capture. Therefore, the research methods used in this field have gradually progressed from linear to nonlinear. Baek and Brock [16] argued that traditional linear test methods lack strong validity, so a nonlinear test method was proposed. Then, Hiemstra and Jones [17] further extended such an approach by relaxing the assumption that variables must be independent and identically distributed. Diks and Panchenko [18] proposed a new nonlinear Granger causality test method to solve this problem of excessive rejection, which is classified as a nonparametric test method. In recent years, the research based on the nonlinear methods has attracted more and more attention. Bekiros and Diks [19] studied the linear and non-linear causality between the daily spot and futures prices of West Texas Intermediate (WTI). Chen et al. [20] used the non-linear Granger causality test to study the relationship between the systemic risk of banks and insurance companies, and found that there was significant two-way causality between them. Gómez-Puig et al. [21] conducted a non-linear causal test on the yield of 10-year government bonds issued by 11 European countries, and found the intensification of the relationship between markets after the European debt crisis. De et al. [22] studied the two-way causality between public debt and GDP growth, and found that only a few countries had significant causality between them.
As for the measurement of financial risk contagion, the most classical method is based on Pearson [23] correlation coefficient, but this method can only describe linear correlation. King and Wadhwani [24] used the correlation coefficient method to study the contagiousness between the stock markets of the United States, the United Kingdom, and Japan, and found that the correlation coefficient was significantly increased after the U.S. market plunged. In recent years, risk measurement methods based on Generalized Autoregressive Conditional Heteroskedasticity (GARCH) family models have developed rapidly. The DCC-GARCH model [25] has been favored by many scholars because it has the advantage of dynamically describing the change of correlation coefficient. Chiang et al. [26] used the DCC-GARCH model to study nine Asian stock-return data series from 1990 to 2003, and found that the dynamic correlation coefficient was significantly increased during the crisis period. Syriopoulos et al. [27] also used the DCC-GARCH model to study the contagion effect of the US stock market on the BRICS stock market, and found that the contagion effect of the financial risk was most serious during the US subprime crisis in 2008. With the advancement of research, scholars have found that the dependencies between financial variables are non-linear and asymmetric. The Copula method has attracted more and more attention because of its superiority in modeling the joint distribution of variables. In theory, Sklar [28] first put forward Copula theory, since then a lot of research has been done. Joe [29] summarized the theoretical development of Copula. Nelsen [30] introduced Copula in detail. Empirically, Copula is widely used to measure the contagion effect of financial risk. Jondeau and Rockinger [31] studied the stock markets of four countries by Copula-GARCH, and found that the correlation between markets is stronger when stock returns back in the same direction. Yu et al [32] constructed a Dynamic Markov Regime Switching Copula model to measure financial market risk effects between international stock markets.
Through summarizing the previous literature, the research methods on causality and measurement of financial market risk contagion can be roughly divided into the following categories.
(1) Linear correlation coefficient, is the simplest method of dependency measurement, it describes the linear relationship between variables, which is of little use in meeting the complexity requirements of financial data [23, 24, [33] [34] [35] . (2) The cointegration test based on VAR (Vector Autoregression) model, which is also linear, describing information spillovers of mean and variance among variables, but cannot measure extreme risk [36, 37] . (3) GARCH (Generalized Autoregressive Conditional Heteroskedasticity) family models and multi-GARCH family models are based on the variance of error, which can describe the risk spillover between markets, including VECH-GARCH, BEKK-GARCH and DCC-GARCH models. Because the volatility spillover level is indirectly analyzed by measuring variance, this method has the problem of multicollinearity [25] [26] [27] [38] [39] [40] . (4) The CoVaR (Conditional Value at Risk) model is based on conditional probability and describes conditional risk value. Risk spillover intensity can be calculated by the change rate of CoVaR relative to VaR, so as to measure the risk spillover in extreme situations. Although it is directional, it is difficult to extend the risk spillover to multiple financial markets [41] [42] [43] . (5) Fractal theory. According to whether the fractal dimension of a fractal is related to the measurement scale, the fractal structure can be divided into two categories, including unifractal (if irrelevant) and multifractal (if relevant). Multifractal theory divides complex systems into many sub-regions with different singularities, which can describe the complex statistical characteristics of price fluctuations more truly from a micro perspective. The method includes multifractal volatility method, etc. However, the method still needs to construct a dependent structure to depict the risk contagion effect after describing the volatility characteristics [44, 45] . (6) The Granger causality test uses strict statistical analysis to test whether the past value of one market can significantly change the prediction ability of another market based on VAR model. Since the linear Granger causality test is a traditional method, the extended non-linear Granger causality test can deal well with financial data with non-linear characteristics, including the test based on regression model and non-parametric function. The test based on a regression model may result in the model being misidentified, but the non-parametric function does not have this disadvantage [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . (7) The Copula function, which describes the dependency structure of variables, is the most important tool for financial correlation modeling. Compared with traditional dependency measurement, Copula can not only characterize non-linear or asymmetric dependency, but also measure tail dependency. In addition, this method can flexibly construct multivariable dependency structure, which provides convenience for generalization to multidimensional cases [28] [29] [30] [31] [32] .
With the perfection of the theoretical research system benefiting from many previous studies, empirical analysis on financial risk contagion in the stock market has resulted in several useful findings. However, previous studies also have some shortcomings. Firstly, from the perspective of causality, many studies lack division and classification of different time periods and different markets. Secondly, from the perspective of measurement, existing literature mainly focus on static copula research, and lacks classification of different markets. Thirdly, there is a lack of consideration of risk spillovers from local risk events to other financial markets. The deficiency of previous studies is that it is difficult to accurately grasp the direction of risk diffusion in different time periods, and to continuously depict the intensity of risk contagion. If we cannot effectively find the source of risk and timely understand its impact, governments will not be able to take effective policies to maintain the stability of social economy and financial markets.
In summary, there are many methods for causality and measurement of financial risk contagion, and each method has its own advantages and disadvantages. From the perspective of technical methods, according to the principle of few defects, high flexibility and strong operability, we choose the theoretical methods suitable for this study by comparing the advantages and disadvantages of different methods. This paper explores the causality of risk contagion based on the nonlinear Granger causality test using non-parametric statistics. In addition, the dynamic Markov state transition Copula model with GARCH family model as edge distribution and SJC (Symmetrized Joe-Clayton) function as joint distribution is used to measure the risk contagion. In addition, from the perspective of empirical research, this paper carries out supplementary and innovative research on the basis of previous studies. Firstly, this paper divides the stock markets of many countries into developed markets and emerging markets, and studies the risk contagion effect between them and the Chinese market. Secondly, on the basis of the subprime mortgage crisis in the United States, we have included the Chinese stock market disaster in the scope of risk events in 2015, which has not been studied before. Finally, we divide the research period into three aspects: before and during the subprime mortgage crisis, before and during the stock market disaster in China in 2015, and the risk contagion performance in the whole period of time. Based on the above improvements, this paper hopes to obtain more detailed and accurate conclusions than before, so as to contribute to the previous research results.
Data and Methodology
Data
Since the United States, the United Kingdom, and Japan remain dominant in global economic development, we used the US S&P 500, the UK FTSE 100, and the Japan Nikkei 225 as representatives of developed stock markets. For emerging markets, we considered the indexes of three "BRIC" countries (i.e., all BRIC countries except China): SENSEX30 in Mumbai, India; IBOVESPA in Sao Paulo, Brazil; and RTS in Russia.
This analysis used the weekly closing price data of seven nationally important indexes: the Shanghai Composite Index, S&P 500, FTSE 100, Nikkei 225, Mumbai SENSEX30, São Paulo IBOVESPA, and Russia RTS. The time period examined is between January 1, 2006, and December 28, 2018, for a total of 662 * 7 data; individual vacancies in the data set were replaced by the average of the values before and after the missing data. This period of time includes the subprime mortgage crisis in the US and the stock market crash in China in 2015. These two events are important to include in studies on the risk contagion effect.
The Concept and Production Mechanism of Risk Contagion Effect
The risk contagion effect considered in this paper refers to the following phenomenon: when macro and micro policies remain unchanged, violent fluctuation in one financial market's price series causes other financial markets to fluctuate almost synchronously [46] . If considering "rational" factors, such as macroscopic and microscopic factors, the causes of risk contagion can be attributed to the volatility spillover and mutual dependence between different markets caused by the actual influence of infectious factors and an infectious source in the overall macro and micro market [47] . However, risk contagion is often caused by the "irrational" behaviors of market participants under specific circumstances [48] , including risk aversion, lack of confidence, panic, herding, etc. The "rational" factors and the "irrational" factors influence each other and, together, result in the risk of price fluctuations in financial markets, thus providing a theoretical basis for us to better study the effects of risk contagion.
Nonlinear Causality Test
Traditional Linear Granger Causality Test Method
The traditional linear Granger causality test method [13] is expressed as follows: suppose that the conditional distribution of Y t which is determined by Y t and the lagging value of X t , is the same as the conditional distribution determined by the lagging value of Y t , expressed as a mathematical equation:
then there is no Granger causality between X t and Y t . Putting in another way, if using the lagging value of X t doesn't show significant improvement in predicting Y t , then there is no Granger causality between X t and Y t . The specific equation is as follows:
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, we can give the corresponding alternative hypothesis as "H 1 : at least one β i = 0". In order to describe the information in the equation better, we further constructed F test statistics focusing on the test above:
where SSE r is the sum of squared residuals under the original hypothesis. SSE u is the sum of squared residuals under the condition that the original hypothesis is not established, T is sample size, k is the maximum lag period, and N represents the number of current variables in the Vector Auto Regression (VAR) model.
Nonlinear Granger Causality Test Method
We use the nonparametric test method proposed by Diks and Panchenko as the method of nonlinear Granger causality test [16] [17] [18] .
Denote two strictly stable and weakly correlated time series by {X t } and {Y t }:
then given Lx(≥ 1) and Ly(≥ 1), e > 0, then:
If formula (7) holds, then {Y t } is not the Granger causality of {X t }, where Pr(·|·) indicates probability, · indicates the largest mode. If we use the joint probability to replace the conditional probability, then the formula (7) can be shown as:
where, C1(m + Lx, Ly, e) = Pr X 
Let m = Lx = Ly = 1, then the formula (8) can be re-described as (10):
To overcome the deficiencies of over-rejection, we rephrase the null hypothesis as (11):
Let g(x, y, z) = f 2 Y (y), then: 
where I W ij = I W i − W j < ε , ε is the bandwidth parameter, equals max Cn −β , 1.5 , where C > 0, β ∈ (1/4, 1/3).
After figuring out the value of f W (W i ), we can construct the statistics T n as follows:
So, for ε = max Cn −β , 1.5 , and C > 0, β ∈ (1/4, 1/3), then T n is normally distributed:
Benefiting from the nonparametric statistic T n , we can test nonlinear causality among variables.
Dynamic Markov State Transition Copula Model
Establishment of The Dynamic Copula Model
According to Sklar's theorem [28] , we can divide the joint distribution function into a marginal distribution and a dependent structure represented by a copula function.
Assume that two random variables r 1,t and r 2,t represent the rate of return of two different assets at time t; F 1 (z 1,t |ψ t−1 ) and F 2 (z 2,t |ψ t−1 ) represent the conditional marginal cumulative distribution of z 1,t and z 2,t ; C t represents the dependent structure connected by copula function; ψ t−1 represents the information set at time t − 1. Given the state s t , which followed the two-state Markov chain with transition probability matrix:
Then the binary conditional copula function of z 1,t and z 2,t can be expressed as:
where u t = F 1 (z 1,t |ψ t−1 , s t ) and v t = F 2 (z 2,t |ψ t−1 , s t ) follow uniform distribution U(0, 1). Assuming all conditional cumulative distribution functions (CDF) are differentiable, then the binary CDF of z 1,t and z 2,t can be given by:
is the conditional Copula density function, f 1 (z 1,t |ψ t−1 , s t ) and f 2 (z 2,t |ψ t−1 , s t ) is the conditional density function (CDF) of z 1,t and z 2,t .
Considering that the threshold generalized autoregressive conditional heteroskedasticity model TGARCH [49] can better reflect the asymmetry of stock market returns, and for most standardized yield sequences, AR (1)-TGARCH (1, 1) performs better than AR (1)-TGARCH (1, 2) and AR (1)-TGARCH (2, 1). Therefore, we used AR (p)-TGARCH (p, q) as the distribution of the marginal dynamic Markov structure transition Copula function model:
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where, ε t is the residual; h t is the conditional variance; z t obeys the skewed Student t distribution proposed by Hansen [50] , where υ is the kurtosis parameter and η is the skewness parameter.
Measurement of Financial Risk Contagion
By its definition, financial risk contagion emphasizes the linkage effect between multiple stock markets caused by systemic risk, so the tail correlation between stock markets is used to measure financial risk contagion, which can examine whether a sharp rise or fall in one stock market will cause a sharp rise or fall in another stock market. The tail correlation coefficient can be defined in the limit form of conditional probability [41] :
When the specific form of the Copula function between variables is determined, we can calculate the upper and lower tail correlation coefficients according to formula (22) and (23), which reflect the probability that the systemic risk of one stock market will spread to another stock market.
Considering that the joint distribution function of two variables is completely described by the Copula function connecting them, the selection of the Copula function type is particularly important. Copula functions [50, 51] commonly used in research are Normal Copula, Student-t copula, Clayton copula, Gumbel copula, etc. Among them, Normal Copula and Student-t copula cannot describe the asymmetric correlat-ion between variables, and Clayton Copula can only describe the lower tail correlation, while Gumbel copula can only describe the upper tail correlation. In this paper, we used Symmetrized Joe-Clayton (SJC) copula proposed by Patton [52] [53] [54] to describe the interdependence between two markets, while SJC copula can accurately describe the asymmetric upper and lower tail relations among different variables. The expression of the distribution function of SJC copula is:
where C JC t is the Joe-Clayton copula, given by:
with,
, and τ U t , τ L t ∈ (0, 1). Two parameters τ U t and τ L t measured the upper and lower tail dependences, respectively. The correlation of the current time can be explained by the previous correlation and the historical average of the cumulative probability of two variables. That is to say, a model similar to ARMA (1,10) is used to describe the upper and lower tail correlation coefficients of SJC Copula:
where Λ(x) = 1/(1 + exp(−x)) is the logistic transformation, which can linearize the original function.
Empirical Research
Based on the preprocessed data described in Section 3, this study used the nonlinear Granger causality test and dynamic Markov state transition Copula function to conduct empirical analyses from the causality and the measurement aspects. The analysis described in this paper was performed with MATLAB R2014a and C Language for programming. For the test platform environment, we used the Intel Core i5-6200U with 8 GB memory and the Windows 10 Professional Edition system.
Descriptive Statistics
In order to describe the dynamic changes between the Chinese stock market and other countries' stock markets visually, Figure 2 shows time series charts plotted using the raw data of each country's stock market indices. Since preprocessing the logarithmic yield from the stock data of financial markets is an effective way to eliminate nonstationary data [55] , we use the following logarithmic yield to represent the return of the stock market:
where , ti r means the logarithmic yield of stock markets at time t, , ti P and In order to analyze the data better, in addition to the mean, median, maximum, minimum, standard deviation, skewness and kurtosis of the index yield, we also use the Jarque-Bera test, which is a goodness-of-fit test of whether sample data have the skewness and kurtosis matching a normal distribution, to conduct the normality test. The statistical results are shown in Table 1 . For convenience, we used each country's abbreviation to represent its stock market indices: USA for the US S&P 500; GBR for the UK FTSE 100; JPN for the Japan Nikkei 225; IND for SENSEX30 in Mumbai, India; BRA for IBOVESPA in Sao Paulo, Brazil; RUS for RTS in Russia; and CHN for Shanghai Composite Index, China.
Since preprocessing the logarithmic yield from the stock data of financial markets is an effective way to eliminate nonstationary data [55] , we use the following logarithmic yield to represent the return of the stock market:
where r t,i means the logarithmic yield of stock markets at time t, P t,i and P t−1,i respectively represent the index of the stock market at time t and time t − 1. We use LCHN, LUSA, LGBR, LJPN, LIND, LBRA, and LRUS to represent the logarithmic yields of the seven major market indices. In order to analyze the data better, in addition to the mean, median, maximum, minimum, standard deviation, skewness and kurtosis of the index yield, we also use the Jarque-Bera test, which is a goodness-of-fit test of whether sample data have the skewness and kurtosis matching a normal distribution, to conduct the normality test. The statistical results are shown in Table 1 . The following points were observed: (1) The average growth rate of Chinese, Indian and Brazilian stock markets' index are the highest, which is consistent with the GDP growth rate of the two countries in the past 10 years, while the average of Russia is negative indicating that its stock market has performed poorly in the past decade. ( 2) The Standard Deviation shows that the fluctuation of emerging markets is stronger than that of developed markets as a whole, and the standard deviation of the logarithmic yield of Russian stock market index is much larger than others indicating that its stock market volatility is the most intense. (3) Skewness and Kurtosis are statistics that describe the symmetry and steepness of the data's distribution respectively. The skewness of all markets is less than 0, indicating the data is in normal distribution deflecting to left, which means there are more extreme values at the left end of the data, and the kurtosis of all market statistics is greater than 3, indicating that the distribution of the data is spiked, which fitting the "peak, left-leaning" characteristics of financial data. (4) The p-value of J−B test in all countries is less than 5%, which indicates that the null hypothesis of normal distribution can be rejected. Therefore, it is necessary to adopt the function of non-normal distribution to describe the distribution of logarithmic return rate.
Unit Root Test
Stationarity is the most basic requirement in financial time series. Many tests for time series analysis are based on stationary time series. The unit root test is the most common and effective method for testing the stationarity of a time series. There are six main test methods: the Dickey-Fuller (DF) test, Augmented Dickey-Fuller test (ADF) test, Philips-Perron (PP) test, KPSS test, ERS test, and Ng and Perron (NP) test.
As the unit root test, we used the NP test, proposed by Ng and Perron, which is a nonparametric test method. The basis for determining the optimal lag order in the test is the modified AIC (Akaike information criterion). The NP test constructs four test statistics (MZa, MZt, MSB, and MPT) based on the GLS fallback principle to conduct the unit root test on the test variables. The test results are shown in Table 2 .
In Table 2 , the first and second columns list the results of the unit root test of the stock market's original index and logarithmic yield, respectively. The null hypothesis is that the sequence is not stationary (i.e., there is a unit root) and that the statistical value is greater than the critical value, indicating acceptance of the null hypothesis. The values of the four statistics of the stock market's original index are all greater than the critical value at the 5% confidence level, indicating that there is no unit root in the original stock data. The four unit-root-test statistics of the logarithmic yield of each country's stock market indicate that the sequences have a unit root at a level of 1% significance. This shows that preprocessing the logarithmic yield from the stock data of financial markets is an effective way to eliminate nonstationary data. 
Causality of Financial Risk Contagion in Stock Markets
Before performing the nonlinear Granger causality test on variables, we must first check whether there is a nonlinear relationship between variables. Therefore, this paper first uses the Vector Autoregression (VAR) model to filter out the linear component between the logarithmic returns of stock markets in various countries. The nonlinear correlation between the residuals is then checked based on the Brock-Dcehert-Scheinkma (BDS) test method [56] .
The null hypothesis of the BDS test is that the sequences to be tested are subject to independent and identical distribution. If the time series is independently and identically distributed, its associated integral satisfies C m (ε) = C 1 (ε) m and the BDS statistic is as follows:
where n is the number of samples, m is the embedded dimension, ε is the distance between two points, and the standard deviation of C m,n (ε) − C 1,n (ε) m is σ m,n (ε). The test results are shown in Table 3 . It can be seen from Table 3 that most of the BDS method tests reject the null hypothesis that "there is a linear relationship between residual sequences". Therefore, there is no significant linear relationship between the Chinese stock market and the developed stock markets and the emerging stock markets.
Nonlinear Granger Causality Test of the Entire Time Period
First, we conducted the nonlinear Granger causality test for the Chinese stock market with the developed countries' stock markets and the emerging countries' stock markets over the entire time period, as shown in Table 4 .
From the perspective of developed markets, the Chinese stock market has obvious nonlinear contagion effects on the stock markets of the United States and the United Kingdom, but the nonlinear infection relationship between China and the Japanese stock market is not significant. Conversely, the US and UK stock markets have significant nonlinear contagion effects on the Chinese stock market, but the Japanese stock market has no significant nonlinear contagion effect on the Chinese stock market.
From the perspective of emerging markets, the Chinese stock market has obvious nonlinear contagion effects on the stock markets of India and Brazil, but there is no significant nonlinear contagion effect on the Russian stock market. Conversely, emerging stock markets, whether India, Brazil, or Russia, have significant nonlinear effects on the Chinese stock market. Note: ***, **, and * indicate rejection of the null hypothesis at the 1%, 5%, and 10% significance levels, respectively.
Nonlinear Granger Causality Test Analysis of Divided Stages
Considering that there may be some significant risk events that have a decisive effect on the stock market over a long period of time, we adopted a method of segmenting the time period of the sample to analyze the impact of specific risk events on the causality of risk contagion.
We specified two events as landmark risk events. One was the US subprime mortgage crisis in 2008, which brought huge risks to the global economy and the stock market. The second was the stock market crash in China in 2015. We tried to explore one compared with the other and observe the risk spillover effect of the national stock market. Thus, the study time period was segmented, and the divisional nonlinear causality test was divided, as shown in Table 5 . The results of nonlinear causality test are shown in Tables 6 and 7 . Note: ***, **, and * indicate rejection of the null hypothesis at the 1%, 5%, and 10% significance levels, respectively. Note: ***, **, and * indicate rejection of the null hypothesis at the 1%, 5%, and 10% significance levels, respectively.
The results of phased nonlinear causal relationships between the Chinese stock market and the developed stock markets can be summarized as follows. (1) Before the subprime mortgage crisis the Chinese stock market had no contagious effect on the developed stock market, but the United States and the UK stock markets had some contagion effects on the Chinese stock market. (2) During the subprime mortgage crisis China had no obvious contagion effect on the developed countries and only a slight contagion effect on the US stock market, but the US, UK, and Japanese stock markets all had an obvious contagion effect on the Chinese stock market, indicating that the Chinese stock market became the acceptor of developed countries' stock market risks. (3) Before the Chinese stock market crash there was no obvious contagion effect between the Chinese stock market and developed countries' stock markets. (4) During the Chinese stock market crash the Chinese stock market had a more significant contagion effect on the Japanese stock market. However, the Chinese stock market had no obvious contagion effect on the US and UK stock markets. This shows that when China is the source of the risk, the Chinese stock market has a greater contagion effect on Japan than it has on the United States and the United Kingdom.
The results of phased nonlinear causal relationships between the Chinese stock market and the emerging stock markets can be summarized as follows. (1) Before the subprime mortgage crisis, the Chinese stock market had no contagious effect on emerging stock markets; instead, India and Brazil had some contagious effect on China. (2) During the subprime mortgage crisis the Chinese stock market only had a slight contagious effect on the Indian stock market, but the stock markets of India, Brazil, and Russia generally had a significant contagious effect on the Chinese stock market, indicating that during the subprime crisis China became a risk acceptor of emerging markets. (3) Before the Chinese stock market crash, there is no obvious contagion effect between the Chinese stock market and the developed countries' stock markets. (4) During the Chinese stock market crash the contagion effect of the Chinese stock market on the Russian stock market was more significant, while the Chinese stock market had no obvious contagion effect on India and Brazil, indicating that Russia was more obviously affected by the sharp fall in the Chinese stock market.
Measurement of Financial Risk Contagion in Stock Markets
Academically, financial risk contagion can be quantified by the probability that the stock market index of the country from which the risk originates will change dramatically and lead to the same extreme change in the financial market of the infected country [57] [58] [59] [60] .
This concept is consistent with determining the lower tail coefficient of dependence between two countries' stock market index logarithmic returns. Therefore, we calculated the time-varying lower tail dependence coefficient based on the above model, as shown in Figures 3 and 4 .
This concept is consistent with determining the lower tail coefficient of dependence between two countries' stock market index logarithmic returns. Therefore, we calculated the time-varying lower tail dependence coefficient based on the above model, as shown in Figures 3 and 4 . The results of measurement of financial risk contagion in stock markets can be summarized as follows. From examining risk contagion effects on developed stock markets, the lower tail dependence correlation coefficients between the Chinese stock market and developed stock markets increased significantly in the first half of 2008, primarily due to the impact of risk contagion caused by the outbreak of the subprime mortgage crisis in the United States. In June 2015, the dependence coefficient between developed stock markets and Chinese stock markets also rose to varying degrees. The main reason is the impact of risk contagion caused by the Chinese stock market disaster. The stock markets of emerging countries follow the same rules as those of developed countries. There was a certain risk contagion effect between the Chinese stock market and the developed and emerging markets, and the degree of contagion in different markets varied in different periods. Structural change refers to the change of the deterministic trend of economic time series when it is subjected to strong external shocks. Therefore, the study of structural change during the sample period is conducive to revealing the interdependence and time-varying nature of stock markets in more detail. This paper adopts the method proposed by Bai and Perron [61, 62] The results of measurement of financial risk contagion in stock markets can be summarized as follows. From examining risk contagion effects on developed stock markets, the lower tail dependence correlation coefficients between the Chinese stock market and developed stock markets increased significantly in the first half of 2008, primarily due to the impact of risk contagion caused by the outbreak of the subprime mortgage crisis in the United States. In June 2015, the dependence coefficient between developed stock markets and Chinese stock markets also rose to varying degrees. The main reason is the impact of risk contagion caused by the Chinese stock market disaster. The stock markets of emerging countries follow the same rules as those of developed countries. There was a certain risk contagion effect between the Chinese stock market and the developed and emerging markets, and the degree of contagion in different markets varied in different periods. Structural change refers to the change of the deterministic trend of economic time series when it is subjected to strong external shocks. Therefore, the study of structural change during the sample period is conducive to revealing the interdependence and time-varying nature of stock markets in more detail. This paper adopts the method proposed by Bai and Perron [61, 62] to detect the breakpoint of dynamic correlation coefficient, which is based on the idea of dynamic programming and sequential test method, as shown in Table 8 . The interdependence between the stock markets increased in general from 2006 to 2018, increased significantly in 2008, and declined from 2013. There are two to four structural breakpoints in the dependence between stock markets, which mainly occur in in 2008-2009, 2011-2013, and 2015-2016 . Most of these years have been accompanied by financial crisis or changes in economic prospects of one or more countries, which are related to the economic and financial fundamentals of various countries.
Similar to the results of the previous studies, we tend to think that the dramatic changes in risk contagion under specific risk events are mainly due to investor sentiment. In order to explore the impact of capital globalization, we use securities investment in Balance of Payments Statement of China to reflect the degree of international capital flows between China and foreign countries, in which assets represent China's investment in foreign securities and liabilities represent foreign investment in China's securities, as shown in Figure 5 . According to our findings, the overall trend of securities investment balance has been increasing year by year in the past decade, but there are still some fluctuations in the middle. During 2015 and 2016, the fluctuation of RMB exchange rate increased the risk premium, resulting in serious capital outflow. At the same time, the tail correlation between China's stock markets and other countries has also declined significantly. During 2017 and 2018, with the opening up of China's financial market, such as the incorporation of China's A-share into MSCI global benchmark index, Shanghai-London stock connect and so on, the enthusiasm of investors in other countries for China's securities investment has increased dramatically, resulting in a significant increase in the two-way capital flow during this period, followed by a significant increase in the tail correlation between China's stock markets and other countries. According to our findings, the overall trend of securities investment balance has been increasing year by year in the past decade, but there are still some fluctuations in the middle. During 2015 and 2016, the fluctuation of RMB exchange rate increased the risk premium, resulting in serious capital outflow. At the same time, the tail correlation between China's stock markets and other countries has also declined significantly. During 2017 and 2018, with the opening up of China's financial market, such as the incorporation of China's A-share into MSCI global benchmark index, Shanghai-London stock connect and so on, the enthusiasm of investors in other countries for China's securities investment has increased dramatically, resulting in a significant increase in the two-way capital flow during this period, followed by a significant increase in the tail correlation between China's stock markets and other countries.
Conclusions
From the empirical results, with the gradual opening up of the financial sector, the relatively closed Chinese stock market has gradually strengthened its correlation with international capital markets under the influence of international capital inflows. The Chinese stock market is also increasingly susceptible to other international markets. The risk of market infection has a tendency to develop in a manner similar to people infecting other people to some extent. The specific research has the following conclusions.
For the causality of financial risk contagion in stock markets overall, in the developed markets, the Chinese stock market is more closely linked to the US and UK stock markets, while in emerging markets, India and Brazil are more closely linked to the Chinese stock market. During the outbreak of the subprime mortgage crisis both the developed markets and the emerging markets had obvious contagion effects on the Chinese stock market, while the Chinese stock market rarely affected other stock markets. It can be seen that, compared with before the outbreak of the subprime mortgage crisis, the Chinese stock market acted as a risk receiver in the global risk communication network. However, during the outbreak of the Chinese stock market crash the Chinese stock market took on the infector role, and had obvious risk contagion effects on Japan and Russia, countries which had little effect on the original infection. This indicates that the output of Chinese stock market risk mainly affected Japan and Russia among the countries studied in this paper.
From the measurement of financial risk contagion in stock markets after the occurrence of specific risk events, the dynamic tail coefficient of the Chinese stock market and developed and emerging markets increased significantly, and the risk contagion effect of developed markets and the Chinese stock market became more pronounced. That is to say, whether during the outbreak of the US subprime mortgage crisis or during the Chinese stock market crash, there was a certain risk contagion effect between the Chinese stock market and developed and emerging markets, but the degree of infection in different markets varied for different times. When specific risk events occur in the peripheral market, changes in investor sentiment will impact the stock market, which is the common cause of risk contagion. In addition, considering the stock market as a huge and complex economic ecosystem, international capital flows will also have an important impact on the balance of the system.
The above conclusions show that the stock markets of different countries have symbiosis under the background of economic globalization, and risk has a mutual accumulation relationship. The occurrence of specific risk events and the increase of capital flows between countries have a certain effect on the lower tail dependence correlation. Regulators and relevant market entities should strengthen the education of investors and create a good environment for value-investing. Then the impulsive irrational behavior caused by investor sentiment will be reduced when the risk event occurs, and the negative impact of risk contagion on the sustainability of financial markets will also be reduced. Since there is an obvious phenomenon of financial risk contagion in the stock markets, the government can use the price discovery function of futures to enrich futures varieties and hedge risks. At the same time, the government can establish a sound monitoring system, through the dynamic monitoring of risk linkage, especially when the dynamic correlation increases significantly, the protection mechanism can be used to avoid the spread of financial risks, so as to promote the healthy and sustainable development of social economy and financial market.
Compared with previous studies, we have drawn more specific and comprehensive conclusions from the causality and measurement of risk contagion. In particular, we pay attention to the difference between the direction of risk contagion under the subprime mortgage crisis and China's stock market disaster in 2015. In addition, this paper not only explores the increase of risk contagion under specific risk events, but also finds the trend of risk contagion in the past decade with the opening of capital account.
Due to the length of the paper, the representative stock markets of developed and emerging countries are selected separately, which is a limitation of the research. As for the direction of future research, we can consider including multiple countries into the research scope, and adopt some methods suitable for more countries, such as Minimum Spanning Tree (MST), Planar Maximum Filter Graph (PMFG), and Susceptible Infected Recovered (SIR). In addition, we can develop new statistical methods to accurately judge the development stages of financial crisis contagion, such as some hypothesis tests to judge the crisis, so as to better quantify the financial risk contagion.
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